Methodology was developed for the synthesis of novel 2-substituted onitrobenzyl chromophores which were derivatized as the tosylate esters. The thermal stabilities of these new tosylates fell within the range predicted from an empirical model. Lithographic sensitivities of deep UV resists made from these new esters and poly(4-(tertbutoxycarbonyloxy)styrene-sulfone) ranged from 45 mJ/cm 2 to 90 ilcm 2.
predicted from an empirical model. Lithographic sensitivities of deep UV resists made from these new esters and poly(4-(tertbutoxycarbonyloxy)styrene-sulfone) ranged from 45 mJ/cm 2 to 90 ilcm 2.
INTRODUCTION
We have shown that o-nitrobenzyl sulfonate esters are useful as non-ionic, organic, photoacid generators in chemically amplified deep UV (248 nm) resists based upon either poly(4-(tert-butoxycarbon loxy)-a-methylstyrene)"2, or poly(4-(tertbutoxycarbonyloxy)styrene-sulfone)
[poly(t-BOC-styrene-sulfone]
. We have further shown that improved thermal stability is achieved if bulky electron withdrawing substituents such as CF 3 or Br are placed at the free ortho position of the onitrobenzyl chromophore. Indeed an empirical relationship was established between the decomposition temperature (T,) of o-nitrobenzyl tosylate derivatives and the sum of the 6' values and calculated Taft steric parameters (ES) for substituents on the onitrobenzyl chromophore3. Because of the predictive importance of this empirical relationship3, novel 2-substituted o-nitrobenzyl tosylates were prepared in order to further test the understanding of this relationship. The effect on sensitivity of the incorporation of such esters into resist formulations was also examined. 
Synthesis of Materials
Poly(t-BO&styrene-sulfone) (3:1, Mw= 150,000, D=1.9), was synthesized as previously described4. All other chemicals were obtained from the Aldrich Chemical Company.
Synthesis of 2-iodo-6-nitrotoluene
To a solution of 15% aqueous HCl (100 mL) was added 2-amino-6-nitrotoluene (5.0 g, 32.8 mmol). The resulting suspension was cooled to 0-5'C, and to this suspension was added NaNO Z (2.5 g, 36 mmol, 1.1 equivalents) dissolved in 5 mL water. The rate of addition was such that the temperature did not rise above 10°C. The clear yellow solution that was formed was stirred for 1 h at 0'C, and to the solution was then added a solution of KI (10.9 g, 265.6 mmol, 2 equivalents). The dark mixture was stirred at room temperature for 2 h. A solution of 10 % sodium thiosulfate (200 mL) was added and the mixture was extracted with diethyl ether (2 X 200 mL aliquots). The combined ether fractions were washed once more with 10% thiosulfate solution, followed by washing with water and drying over magnesium sulfate. The solvent was removed to yield the crude product (8.1 g). The product was purified further by dissolving it in the minimum amount of methylene chloride/hexane (10:90) and passing it through a short column of silica gel, elueting with the same solvent mixture. A total of 7. A 20 mL round bottomed flask equipped with a reflux column under argon was charged with 7.05 g (28.31 moles) of 2-iodo-6-nitrotoluene and 6.55 g of copper bronze. The reaction mixture was heated in an oil bath at 230°C for 9 hours. The mixture was extracted with methylene chloride and the extract filtered. The extract was stripped of solvent and chromatographed on silica gel using carbon tetrachloride as the eluent. In this way A 100 mL three neck round bottomed flask equipped with a reflux column and an addition funnel was charged with 0.24 g (0.10 mmole) of benzoyl peroxide, and 1.49 g (5.48 mmole) of 2,2'-dimethyl-3,3-dinitrobiphenyl dissolved in 40 mL of carbon tetrachloride. 6This mixture was refluxed and 1.75 g (10.95 mmole) of bromide dissolved in 10 mL of carbon tetrachloride was added dropwise. During the addition the reaction flask was irradiated with a 275 W Sunlamp (GE). After the addition of the bromide the mixture was irradiated under reflux for 2 days. The reaction mixture was stripped of solvents the residue was redissolved in hot chloroform, filtered and the solvent removed under vacuum.
The crude product was chromatographed over silica gel using methylene chloride as the eluent. In this way Synthesis of 2-methyl-6-nitrobenzyl alcohol.
A 100 mL round bottomed flask under dry argon was charged with 5.00 g (30.03 mmole) of 2-methyl-6-nitrobenzoic acid which was dissolved in 60 mL of dry tetrahydrofuran.
To this solution was added slowly with cooling and stirring, 64.17 mL of a 1M solution of BH3-THF in THF. The mixture was refluxed for 17 h then the reaction was slowly and carefully quenched with an excess of 10% aqueous hydrochloric acid. The THE was removed under vacuum and the residue was extracted with three 50 mL aliquots of methylene chloride. The combined organic extracts were dried over anhydrous magnesium sulfate, filtered and the solvent removed.
The Synthesis of 2-methyl-6-nitrobenzyl tosylate.
A 100 mL round bottomed flask equipped with a dropping funnel was charged with 2.50 g (14.91 mmole) of 2-methyl-6-nitrobenzyl alcohol and 3.14 g (16.49 mole) of tosyl chloride dissolved in 30 mL of dry acetone under argon. To the mixture was added dropwise 3.30 mL of dicyclohexyl amine dissolved in 5 mL of dry acetone, with cooling so as to keep the temperature below 15°C. The reaction mixture was brought to room temperature and stored for 1 day. The mixture was filtered to remove dicyclohexylamine hydrochloride, the solvent removed under vacuum and the residue chromatographed over silica gel using carbon tetrachloride as the eluent. Synthesis of 2-phenyl-6-nitrotoluene.
A 100 mL round bottomed flask under argon was charged with 0.48 g (0.42 mmole) of tetrakis(triphenylphosphine)palladium(0), and 3.00 g (13.90 mmole) of 2-bromo-6-nitrotoluene dissolved in 50 mL of degassed toluene. To this solution was added under argon 9 mL of a 2 M degassed Na 2CO 3 aqueous solution followed by the addition of 1.10 g (13.95 mmole) phenylboronic acid in degassed ethanol.
The mixture was refluxed for 6 h with stirring.
Residual boronic acid was removed by treatment with 30% H202 for 1 hour.
The mixture was extracted with methylene chloride, washed with saturated brine, the combined organic extracts were dried over anhydrous magnesium sulfate, filtered and the solvent removed. The residue was chromatographed over silica gel using methylene chloride as the eluent to give 1.78 g (60% yield) of brownish crystals(MP: 70-72'C). EA: calc(C: The same procedure was used as for the synthesis of 2,2'-di(bromomethyl)-.3,3'. dinitrobiphenyl except that the starting material was 2.00 g (9.39 mmole) of 2-phenyl-6-nitrotoluene which was reacted with 1. Synthesis of 2-phenyl-6-nitrobenzyl tosylate.
The same procedure was used as for 2,2'•(tosyloxymethyl)-3,3'-dinitrobiphenyl except that the starting material was 1.50 g (5.13 mmole) of 2-phenyl-6-nitrobenzyl bromide which was reacted with 1.86 g (6.67 mmole) of silver tosylate. In this way, 
Synthesis of 2-(3-nitrobhenyl)-6-nitrotoluene
The same procedure was used as for 2-phenyl-6-nitrotoluene except that the starting material was 2.30 g (13.89 mmole) of 3-nitrophenylboronic acid which was reacted with 3.00 g (13.89 mmole) of 2-bromo-6-nitrotoluene and 0.48 g (0.42 mmole) of tetrakis(triphenylphosphine)palladium(0).
In this way, The same procedure was used as for 2-phenyl-6-nitrobenzyl bromide except that the starting material was 0.80 g (3.10 mmole) of 2-(3-nitrobhenyl)-6-nitrotoluene which was reacted with 0.49 g (3.07 mmole) of bromine and 33 mg (0.14 mmole) of benzoyl peroxide. In this way, 0.80 g (77% yield) of yellowish crystals were obtained. The bromide was not purified further but was was then reacted using the same procedure as for 2,2'-(tosyloxymethyl)-3,3'-dinitrobiphenyl except that the starting material was 1.17 g (2.47 mmole) of 2-(3-nitrophenyl)-6-nitrobenzyl bromide which was reacted with 1.02 g (3.65 mmole) of silver tosylate. In this way, 0.60 g (40% yield) of yellowish crystals ( 
Materials Characterization
Differential scanning calorimetry (DSC) data was performed using a Perkin-Elmer DSC-4 differential scanning calorimeter interfaced with a System 4 microprocessor and a TADS model 3700 data station. All samples were heated from 20 to 450'C at a heating rate of 10'C per minute. Samples ranged in mass from 1.20 to 2.00 mg and were encapsulated in aluminum pans. All measurements were obtained in ultra high purity (99.999%) N2 with a gas flow rate of 30 cc per minute. Decompostion temperatures for o-nitrobenzyl ester derivatives were measured by using the minima of a DSC exotherm (T,). Melting points were determined either as the maximum of a DSC (vide infra) endotherm, or as a range by using a melting point apparatus (Meltemp II, Laboratory Devices USA).
Nuclear magnetic resonance spectra were obtained on a JEOL JMN-FX90Q Fourier transform spectrometer. IR spectra were taken using a Digilab FTS-60 Fourier transform spectrometer. Elemental analyses were obtained by Gaibraith Laboratories Inc.
Lithographic Evaluation
The resist solutions were prepared by dissolving the matrix polymer poly(t-BOCstyrene--sulfone) (10-20 wt%) and the designated amount of photogenerator of acid in cyclohexanone and subsequent filtration (3 tunes) through a stack of 1.0, 0.5 and 0.2 tm Teflon® filters. The resists were spin coated onto silicon substrates and prebaked on the Brewer Science Inc. hotplate model CEE2000 with a vacuum hold-down chuck with resultant 1 µm thick films. The substrates were typically primed with hexamethydisilazane (HMDS) prior to application of the resist in a Yield Engineering Systems, Inc. oven. The resist coated substrates were exposed to 248 nm radiation using a Karl Suss Inc. model MA56A contact aligner, fitted with a Lambda Physik Excimer laser operating at 248 nm. Post-exposure bakes (PEB) were performed on a Brewer Science hotplate. Development was done in the dip mode using 0.17 N tetramethyl ammonium hydroxide (TMAH) prepared by diluting commercially available 25% TMAH (Fluka Inc.) with deionized water (1:1.5). The development time was typically 30 sec. Resist sensitivity is defined as the dose at which the resist completely cleared with no loss of film thickness in the unexposed regions. Table 1 summarizes the results of the lithographic evaluation conducted for poly(t-BOCstyrene-sulfone) formulated with the sulfonate esters depicted in Figure 1 .
RESULTS AND DISCUSSION

Synthesis of materials
The design and synthesis of new o.nitrobenzyl materials was driven by the need to further understand structural property relationships as they relate to factors such as thermal stability and lithographic behavio? . Thus, considerable synthetic effort was expended in order to expand the available data base of materials that could be studied. The efforts reported here are concentrated in devising new 2-substituted o-nitrobenzyl chromophores for inclusion in photogenerators of acid (Figure 1 ). These new chromophores were studied as photolabile protecting groups for tosic acid by preparing the corresponding tosylate using either the parent alcohol or bromide as a starting material.
Previously, the 2-substituted o-nitrobenzyl chromophores were prepared1,2,3 using a 2-step procedure such as that used in the the preparation of 2-methoxy-6-nitrobenzyl tosylate, i.e. N-bromosuccinimide (NBS) bromination of the toluene derivative, followed by reaction with silver tosylate. However, the availability of suitable 2,6-substituted toluenes was limited; therefore, other approaches had to be developed. For instance, the synthesis of 2,2'-(tosyloxymethyl)-3-3'-dinitrobiphenyl is accomplished via a 4 step synthetic pathway, involving an intermediate Ullman coupling of a 2-halo-6-nitrotoluene (Scheme 1). Ullman homoaryl couplings of 2-halo-6-nitrotoluene have been described in the literature6'7. These reports indicated that 2-chloro-6-nitrotoluene was unreactive6, and similar lack of reactivity was found here for 2-bromo-6-nitrotoluene. However, since literature reports indicated that the iodo derivative was more reactive, this approach was investigated. Consequently, 2- This material was then coupled by the Ullman reaction to produce 2,2'-dimethyl-3,3'. dinitrobiphen 1 in 65% yield. The bromination of 2,2'-dimethyl-3,3'-dinitrobiphenyl was reported to be difficult with NBS, and indeed, no product was isolated using this approach. Instead, a photochemical bromination procedure9 using Br 2 and benzoyl peroxide was adapted to the reaction and gave the desired product in 60% yield. The last step was reaction of the dibromide with silver tosylate to afford the tosylate ester in 77% yield. Similar methodology was used to prepare 2-(pentafluorophenyl)-6-nitrobenzyl tosylate starting with the heteroaryl Ullman coupling of 2-iodo-6-nitrotoluene and pentafluorobromobenzene. The use of pentafluorobromobenzene was necessary instead of pentafluoroiodobezene to decrease the extent of the homoaryl coupling reaction affording perfluorobiphenyl.
There are alternate C-C bond forming reagents that can be used to introduce substituents at the 2-position of o-nitrobenzyl chromophores. For example, the synthesis of 2-phenyl-6-nitrobenzyl tosylate was accomplished in three steps (Scheme 2) involving a Pd catalyzed heteroaryl coupling reaction1° of phenylboronic acid and 2-bromo-6-nitrotoluene to form 2-phenyl-6-nitrotoluene in 60% yield. Photochemical bromination (vide infra) followed by a standard tosylation of the bromide using silver tosylate gave the target compound. This reaction can be extended for substituted phenyl groups as exemplified by the synthesis of 2-(3-nitropeezyl)-6-nitrobenzyl tosylate.
2-Substituted o-nitrobenzyl chromophores may be prepared from the corresponding onitrobenzoic acids. The synthesis of 2-methyl-6-nitrobenzyl tosylate is such an
• example. The first step was a high yield BH3-THF reduction11 of 2-methyl-6-nitrobenzoic acid followed by esterification of the alcohol (Scheme 3). This reaction also has been extended to the preparation of 2-nitrobenz 1 chromophores with 4-substitution such as 4-(trifluoromethyl)-2-nitrobenzyl tosylate.
Thermal stability
Several new tosylate derivatives were prepared to complete the understanding of the relationship between steric and electronic properties of substituents on the 2-nitrobenzyl group and the of the ester. Earlier, it was shown that a plot of T , versus sigma (for meta or para substituents) and the sum of a' and ES calc (for ortho substituents) afforded a good linear empirical relationship3. This was rationalized in terms of the thermal decomposition of the ester being a nucleophilic displacement reaction in which positive charge formation in the transition state was inhibited by electron withdrawing substituents, and formation of the needed cyclic transition state was inhibited by the steric bulk of the ortho substituen& . Therefore, bulky substituents with little or no electron withdrawing ability i.e., 2-phenyl or 2-methyl, should still stabilize the esters towards thermal decomposition. Thus the substituents chosen for study were 2-phenyl and 2-methyl. Taft steric parameters were calculated as before3 using Charton values 12. For the phenyl group the Charton steric parameter in which the orientation of the substituent was orthogonal to the benzyl aromatic ring12 was chosen. Postulating steric inhibition of resonance as earlier3, a' values 13 were used as a measure of the residual inductive effect of these substituents. Since primary steric and electronic effects of substituents were known to be important in determining thermal stabilities3, it was of interest to determine the relative importance of secondary effects that would result from the introduction of other moieties as the 2-substituent, such as phenyl. Thus a comparison was made between derivatives of 2-phenyl-6-nitrobenzyl tosylate, namely, 2-pentafluorophenyl-6-nitrobenzyl tosylate, 2-(3-nitrophenyl)-6-nitrobenzyl tosylate and the dimer like structure 2,2'-(tosyloxymethyl)-3,3'-dinitrobiphenyl ( Figure 1 ). These materials have Tm's of 197, 205, and 190°C, respectively which hardly vary from that of the the parent compound 199'C. From these results it is seen that substitution of the 2-phenyl group with nitro, or perfluoro does not impart stabilization to 2-phenyl-6-nitrobenzyl tosylates. Thus, structural changes on 2-phenyl substituents are not important considerations for determining thermal stability. The lack of important electronic effects is probably due to the angle between the two biphenyl rings which prevents effective resonance interactions, and to the greater number of bond distances that separate the reaction center from any inductive effects from the secondary substituent. The lack of important steric effects is most likely due to the rotation of the phenyl substituent ring out of the plane in which the thermal elimination occurs. Even the dimer (Figure 1, #4 ) which has ortho functionality on the 2-phenylsubstituent does not apparently present enough steric encumbrance to the reaction. Possibly, the use of 2-phenyl substituents which have very bulky ortho functional groups could allow this effect to manifest itself.
Another important question was the mode of interaction of the 2-Me0 substituent with the 2-nitrobenzyl ring.
The resonance interactions of this substituent could be sterically suppressed, and also the substituent itself could sterically inhibited the cyclic transition state of the thermolysis reaction. By using the plot in Figure 2 and values from the literature13 for 6', and ES calc (vide infra) the predicted value of T ", is 191'C. Alternatively, the 2-MeO group may undergo major resonance interactions with the 2-nitrobenzyl moiety without significant steric inhibition of the thermolysis reaction. Under these circumstances, the methoxy substituted ester would be expected to have a Tom, even less than that observed for 2-nitrobenzyl tosylate (124'C)3. The value measured experimentally for Twas 98'C, confirming the latter explanation.
Lithographic Evaluations
The lithographic sensitivities of resists formulated from esters 1, 3, 4, & S ( Figure 1 ) were evaluated using a concentration of 8.4 mole % ( Table 1 ) the concentration that was used in a previous study of 2-nitrobenzyl ester derivatives3. It has been shown that lithographic sensitivity depends upon both the quantum yield and the catalytic chain length1''3. Since the same acid, tosic acid, is photochemically produced by all the esters and since the quantum yields should not vary greatly, in comparison to similarly substituted esters (2-CF 3 , 2-F, 2-Br), tosylates 1 3 4 and 5 were expected to have similar lithographic sensitivity. Figure 1 for structural assignment, b -% mole of ester calculated versus # of moles of t-BOC groups on the Polymer. c -26 -dinitrobenzyl tosylate used as a reference.
The lithographic sensitivities of resists made from these esters range from 45-90 mJ/cm 2. All were less sensitive than that prepared from 2,6-dinitrobenzy1 tosylate. This result was expected since this photogenerator of acid has two ortho nitro groups and consequently possesses a larger quantum yield for deprotection of acid1'2'3. The most sensitive ester is 2-methyl-6-nitrobenzyl tosylate followed by 2,2'-(tosyloxymethyl)-3,3'-dinitrobiphenyl, 2-phenyl-6-nitrobenzyl tosylate, and finally 2-(3-nitrophenyl)-6-phenylbenzyl tosylate. The least sensitive ester has a competitive nitrobenzyl nitro group UV absorption which does not lead to the an o-nitrobenzyl rearrangement.
The dimeric ester, 2,2'-(tosyloxymethyl)-3,3'-dinitrobiphenyl, has a lithographic sensitivity almost the same as that for the 2-phenyl ester derivative showing that the substitution on a 2-phenyl appendage has little effect on resist sensitivity unless it absorbs radiation competitively. 4 . CONCLUSION It was found that both the homoaryl and heteroaryl Unman couplings, and the Pd catalyzed boronic acid heteroaryl coupling are effective reactions for the introduction of novel 2-substituents in o-nitrobenzyl chromophores.
The substitution at the 2-position of o-nitrobenzyl chromophores with bulky nonelectron withdrawing groups Me, Ph has given enhancements in thermal stability showing the importance of steric effects, as was predicted empirically from the model developed for tosylates.
Structural changes on 2-Ph substituents do not greatly change thermal stability probably because the electronic and steric consequences of these changes are slight. The 2-MeO substituent does not enhance thermal stability due to electron donating resonance interactions with the o-nitrobenzyl chromophore.
The lithographic sensitivity of novel 2-substituted o-nitrobenzyl tosylate derivatives fell within the observed range for other substituted tosylate esters.
